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Abstract—In applications such as design of integrated circuits (chips), it is sometimes required
to connect the terminals (receivers) and the central vertex (source) by a weight-minimal tree
where the signal delays between the source and the terminals are the same or differ by a min-
imal value. Simple necessary conditions for existence of the desired tree, heuristic rules for
displacement of the terminals for which these conditions are not satisfied, and a new polyno-
mial algorithm to determine an approximate solution were presented.

1. FORMULATION OF THE PROBLEM

As the need for high-speed integrated circuits (chips) is growing from one year to the next,
design of their signal systems becomes pivotal. The signal network is responsible for clocking the
computer system. The command signal is generated outside the chip and fed into it through the
input (source or root). Each functional element for which the signal is destined is connected to
the source via a signal network. Each element performs a series of logic operations (functions) and
until the beginning of the next cycle of computations waits for a signal to transmit the results to
other element(s). Thereby the flows of information within the computer system are checked. The
clock skew is the maximum difference between the instants of signal arrivals to different system
components. Its increase results in lower speed of computations. In the existing systems where
the size of elements is substantially smaller than one micron, clock skew is one of the main factors
defining operation of the system. It reduces the clock frequency because the time between two
successive signals must be increased so as to enable all system components to receive the signal.
It is currently believed that the clock skew in the high-speed circuits should not exceed 5% of the
maximum (critical) signal transmission time (critical delay).

As will be shown in what follows, it does not always happen that there are clock trees with
zero clock skew. In such an event, it is sometimes admitted to displace the terminals from their
initial positions at a distance of at most two units. The possibility of displacing the terminals
makes the construction of the zero-skew clock tree especially difficult. The problem of constructing
a min-skew clock tree is known to be NP-hard [3] even without displacement of the terminals.

The problem of clocking the arrivals of command signals to the elements of integrated circuit
can be stated as follows. Each terminal (circuit element) executes certain operations. All terminals
execute part of the general program, and their operation must be coordinated. The requirement
of simultaneous arrival of signals to all terminals can be satisfied if one constructs a tree where all
paths from the source to the terminals have identical delays. Additionally, from all the admissible
trees the minimum-weight (cost) one must be selected in order to minimize the space occupied. In
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Fig.1. Example of the problem. (a) Initial position of the terminals. (b) Admissible tree after displacement
of the terminals.

doing so, the tree edges are routed on a uniform rectangular planar grid (in particular, the degree
of each graph vertex does not exceed four). Consequently, the admissible tree does not necessarily
exist.

In mathematical terms, without displacement of terminals the problem lies in constructing a
minimal rectilinear Steiner tree where the distances (along the tree) from the root to each terminal
are equal to the radius of the grid graph. So, let an n-vertex (n = |V|, V is the vertex set)
rectangular grid with unit distance between the neighboring horizontal and vertical lines be given,
and for simplicity, let it be located in the first quadrant, the source vertex 0 (root) being at the
origin. Let the terminals making up the set V/ C V be located arbitrarily at the nodes of the grid
(Fig. 1a). It is required to construct a tree T' of the minimum weight which lies completely in the
first quadrant and connects all terminals to the root by paths of the same length (with the same
number of grid edges) equal to the rectangular distance L to the outermost terminal. The weight
of the tree is equal to the number of grid edges included in it. If it is impossible to construct
such a tree, then it is admitted to move the terminals at most at two units (edges) away from the
initial place. It is suggested to decompose the solution of the problem into two stages. At the first
stage, we try to construct the desired tree without moving the terminals. If this turns out to be
impossible, then at the second stage some terminals are displaced.

The mathematical model of the first stage (without displacement of terminals) can be set down
as follows:

[{(i.) € T}| — min 1)

{(i,j) € Pe(T)} =L, keV’ (2)
where Py (T) is the path from the kth vertex to the vertex 0; |M| is the cardinality of the set M;
and the edges (i,j) denote the segments of straight lines between the neighboring points i and j

of the grid. As was already noted, problem (1), (2) is NP-hard [3]. In this connection, the present
paper proposes an approximate polynomial algorithm of complexity O(L?n).
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2. NECESSARY CONDITIONS FOR EXISTENCE OF SOLUTION

In this section we present two lemmas formulating the obvious necessary conditions for existence
of solution.

Lemma 1. For a solution of problem (1), (2) to exist, it is necessary that for each terminal there
be a path of length L passing only through the free intermediate grid vertices, that is, vertices not
occupied by the terminals.

Proof of Lemma 1 is self-evident.

Lemma 2. For solution of problem (1), (2) to exist, it is necessary that all (rectangular) distances
from the terminals to the source be of the same parity (all even or all odd).

Proof of Lemma 2. One can readily see that if the distance from some vertex to the root
is even/odd, then any path from this vertex to 0 includes even/odd number of edges. Let, for
example, the outermost terminal have even distance L. We denote by I = z; + y; the odd distance
from the ith vertex to 0, where (x;,y;) are the coordinates of the ith vertex. We seek a path of
length L from ¢ to 0. Obviously, Al = L —1 > 0. Therefore, to satisfy constraint (2) for i, one
needs to add Al edges. Let us assume that we move from i to 0 along a path of length L and that
[y is the number of steps from 0 (upward and rightward). To get to the root, we, obviously, have
to make the same number of steps to 0 (downward and leftward). As the result, Al = 2ly; and
consequently, the path length has retained its parity, which proves the lemma.

The above conditions are not, of course, sufficient for existence of solution. As can be seen
from Fig. la, there exists an admissible path of length L = 7 from each terminal, but the admis-
sible tree does not exist. Indeed, the admissible path from terminal 3 includes a single subpath
{7, 12, 11, 6,1, 0} (from 3 to 7 one can pass either through 8 or 2). Consequently, the single
admissible edge from 5 is (5,10) and then (10,11), but then the path from 5 will be inadmissible be-
cause it has length 5. If one moves the terminals 15 and 13, respectively, to the free (intermediate)
vertices 17 and 19, then the admissible tree of Fig. 1b becomes possible.

All variants of displacements of terminals make up an enormous set of alternatives. In what
follows, we admit displacement at most along one incident edge. If in this case we also assume
for definiteness that L is even, then we need to move only the terminals lying at odd distances
from the root (Lemma 2). In the concluding section we give a brush treatment to the case where
displacement of terminals on two units is admissible.

3. METHOD OF SOLUTION

We reduce the original problem to another one for which purpose we construct an (L + 1)-level
hierarchical structure (HS) with a single vertex 0 at the zero (upper) level and with terminals
lying at the Lth (lowermost) level. The new problem lies in seeking on the HS a tree connecting
vertex 0 and those of level L by simple paths (without repetition of vertices) passing only through
the intermediate vertices. As the result, all paths will have length L.

3.1. Probability of Displacement

We denote by E the set of “even” terminals (having even distances to the root), by O the set
of “odd” terminals (having odd distances to the root), and by I the set of intermediate vertices.
Before designing the HS, the terminals from the set O must be moved to free neighboring vertices
having even distances to the vertex 0. To find the candidates for displacement of the odd terminals,
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we calculate for each neighboring intermediate vertex the probability of using it as a new location
of an odd terminal. To this end, we first calculate for each terminal k € O the number g of free
admissible neighbors. The term “admissible” implies here that there exists a simple path through
the intermediate vertices to the root. If some ¢, = 0, then the problem is unsolvable. We assume
below that each odd vertex has at least one admissible intermediate vertex. The probability that
upon displacement of a neighboring terminal an intermediate vertex ¢ becomes its new location
obeys the following obvious formula:

g =1-— H <1—i>,

keV; k

where V; is the set of odd terminals that are neighbors of i. If the intermediate vertex ¢ has no
neighboring odd terminals, then ¢; = 0. We also assume that ¢; = 1 for all even terminals. Let
I' = {i € Ile; > 0} be the set of intermediate vertices having a positive probability of becoming
new terminals.

As follows, in particular, from the above formula for ¢;, in the case where i is the single free
neighbor vertex of some odd terminal, it necessarily must be the new terminal. We make use of
Fig. 2a by way of illustration. Here, vertex 5 has two neighboring odd terminals 6 and 9, that
is, V5 = {6,9}, and vertices 6 and 9 have four and two free neighboring vertices, respectively.
Therefore, the probability that vertex 5 becomes terminal is e5 = 1 — (1 — 1/gg)(1 — 1/q9) =
1-(1-1/4)(1—-1/2) =5/8. All odd terminals must become intermediate vertices (included into
the set I), that is, ¢, = 0,7 € O. Finally, I =TUO,O0 =9, I' C 1.

3.2. Construction of Hierarchical Structure

For each even terminal, we assume that there exists an admissible simple path to the source
which has length L and passes through the intermediate vertices. We illustrate in Fig. 2b the
process of designing the HS for the problem of Fig. 2a. The HS is designed level-by-level beginning
from level 0 where only one vertex 0 exists. The next level 1 includes the intermediate vertices that

(b)
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@ odd terminal i
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@ intermediate vertex i

O terminals
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Fig.2. Example of HS design. (a) Initial location of the terminals. (b) Hierarchical structure.
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are neighbors of 0 connected to it by edges and making up the set VOJg = my of successors of the
root vertex. For each vertex i € m, we denote by V;; = {0} the set of predecessors and store the
set of vertices F}' = {0} belonging to the path going to it from vertex 0. To check the added edges
for admissibility, all the HS vertices will be labelled by the sets F}, [ =1,...,L — 1.

An arbitrary level [ = 2,..., L — 1 consists of the vertices m;. At first, Vl 1 =9, 7 € my_y and
m; = @. Then, for each vertex i € I we assume that F} =V, V; l = @ and con81der the neighboring
vertices j from my_y. If i ¢ Fjl-*l, then we assume that V" = V,7 U {j}, V, ﬂ 1 Vl L U {i} and
F’il — Fvil N Flflj.

Finally, the last level L consists of the vertices ¢ € V for which ¢; > 0. For each vertex i € mp,
we assume that V;; = @ and check the neighboring vertices j from mp_;. If i ¢ FjL_l, then we
assume that V;; =V, U{j}, V, JL 1= + _, U {i}.

Figure 2b depicts an HS correspondlng to the example of Fig. 2a. Here, the odd terminals 6
and 9 can be moved to the vertices 2, 5, 7, or 10. In this example, some edges ((2,1), (1,5),
(4,5), (9,5), and (3,2) shown by the dashed line) will be never included in the solution because the
corresponding sets Fl already involve the vertices under consideration. For example, the vertex
1 € m3 will not be connected with the vertex 2 € mg because 1 € F# = {0,1}. These edges will be
eliminated from the HS.

3.8. Algorithm

The algorithm consists of two stages. At the first stage, weights are assigned to the HS elements.
The second stage uses them to solve approximately problem ((1), (2)) on the HS. So, the HS has
been constructed. Each vertex i € my of the lower level is assigned the weight w’ =¢;. We
calculate the weights of all HS elements. First, we calculate the weights of the vertices of the level
L — 1 and their incident edges connecting the vertices of the Lth and (L — 1)st levels. The edge
weights are determined first. If an edge enters the vertex i € mp, then its weight is assumed to
be wk.

Let us consider an arbitrary /th level of the HS. To determine the weight w! of the vertex i € my,
we sum the weights of the incident edges outgoing to the vertices of level [ 4+ 1, that is assume

that w! = Z le The weight of each edge entering i from above is assumed to be wl. As the

result, by movmg upward one assigns weights to all the HS vertices and edges. In Fig. 2b, weights
are shown at the corresponding edges.

The second stage resembles the Dijkstra algorithm [4], but during its execution one must keep
in mind not only the label of a vertex, but also the list of the already passed vertices, which is
required to prevent cycling in the tree. Initially, the same vertex can be included into different HS
levels, but in the desired tree this is forbidden.

We describe the second stage in more detail. At the beginning, the constructed tree is S = (V, A),
where V' = {0} Umy and A = {(0,4)i € m1}. To each vertex i € m;, we assign a label vector
(w;, P;), where w; = wg; and P; is the set of vertices included in this path from 0 to 1.

For any vertex i € my, 1 <1 < L, we choose the best connection (edge) (j,4), j € my_1, to the
preceding level. This edge is chosen because it maximizes wy, where k € ml,l, i ¢ Py, and the
edge (k,1) exists in the HS. We label the vertex i by (w;, P;), where w; = w; + wh., P = P; U {i}.
In Fig. 2b, the weights of vertices are shown in bold characters next to them.

jir

If at some step one fails to connect a vertex i € my, I < L with the preceding level, this vertex
can be eliminated from m;. If [ = L, we arrange the vertices from the set my in nonascending order
of weights wl = ¢;, i € m. Vertices of the same weight are arranged according to the number of
incoming edges (|V;;]). The highest-weight vertex with the least—among the vertices of the same
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weight—number of incoming paths is the first in this ordered list denoted by R. The last vertex in
the list R is that with the least positive weight and the greatest number of incoming edges.

We continue search using the list R in order to connect first the vertices that are even terminals
or can become such with a high probability. Then, those are chosen that have less variants of
connection to the source through an admissible path.

We denote by C' the set of vertices of the level L that were found to be connected with the root.
The first element of this set is chosen as follows. Let the first vertex from R be i € R, and let it be

connected to the vertex j € mr_y (if there exists the desired edge) and w; = = max  {wy}. If
i¢Pk,k€mL_1

there is more than one vertex maximizing this expression, then we choose that having the incoming
edge of higher weight. Let us assume that P; = P;. This is a sequence of L vertices in the path
from 0 to i. We eliminate the vertex ¢ from R and add it to C, that is, R = R\{i}, C = C U {i}.
Additionally, if any other path Py, k£ € R, has a nonempty intersection with P; and at least one
common vertex v belongs to different levels (has different positions in P; and Py), then to avoid
cycling the path P, from v to k is eliminated from the constructed tree. If any other next vertex
i € R\C belongs to the set |J {P}, it is eliminated from R, that is, we assume that R = R\{i}.
keC

This procedure is repeated until emptying R. Then one has to determine the new positions
of the odd terminals. Initially, the entire list of candidates is included in mp. Some of them
may be eliminated after constructing the admissible tree. As a result, we obtain the set C of
vertices connected to the HS root through admissible paths. Let C' = C\ E be the set of remaining
intermediate vertices to which the odd terminals can be moved. For any odd terminal ¢ € O, the
set VZC of intermediate neighboring vertices from C’ is known. Consequently, to determine to where
the odd terminals must be moved, it suffices to solve the problem of constructing the maximum
matching on the bipartite graph [8]. The parts of this graph are the sets O and C’, and an edge (¢, j)
between the vertices i € O and j € C” exists if and only if j € V.. In the case under study where
the degree of each vertex in O is at most four, complexity of the algorithm [8] to determine the
maximum matching is O(|O[3/2) < O((n")3/?).

For the example of Fig. 2, {(9,10), (6,2)} is one of the maximum matchings. Therefore, termi-
nals 9 and 6 can be moved, respectively, to vertices 10 and 2.

Thus, on the basis of the determined matching the odd terminals were moved to new places, and
the tree constructed in the HS can be used. The admissible paths (bold vectors in Fig. 2b) having
L arcs each connect the even and new terminals with the root. This tree is readily representable
as a solution of the original problem. For the example of Fig. 2a, the corresponding tree is shown
by bold lines.

Below, we describe the pseudocode of the algorithm. We assume that all the HS edges are
oriented downward from the root.

Stage 1. Finding of the tree edges weights for hierarchical structure.
Step 0.
For the sets of even, E, and odd, O, terminals, do
Calculate the maximum distance L (in the metric L;) from 0 to each
terminal.

enddo
For all vertices ¢ € V do

Calculate the weights ¢;.
enddo

Construct the HS.
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Step 1. Calculation of arc weights.
For each level (=L —1,...,1do
For each vertex i € m; do
Determine the sum of weights of arcs going out of the vertex
1 and assume that the weight of the arc coming into 7 is equal

to this sum.
enddo

enddo
Stage 2. Construction of the solution.
For each level [ =1,...,L — 1 do
For each vertex i € m; do
Determine the best admissible connection of the vertex i to
the preceding level.
Calculate the weight of the vertex and store the partially con-
structed path.
enddo
enddo
For the ordered set R of vertices the level L
As long as R # @ do
For the first vertex ¢ € R, determine the best admissible arc
from the level L — 1.
Renew the admissible paths by comparing with P; and assume
that
R =R\ {i}.
enddo
For O and I’, determine the maximum matching in order to establish
the new vertices to which the odd terminals will be moved.
Represent the solution constructed on the HS over the original grid and
calculate the cost of the constructed tree.

4. EFFICIENCY OF THE METHOD

We determine complexity of the above approach. To reduce the original problem and construct
the HS, it suffices to execute O(L?n) operations. Indeed, when constructing an HS and checking
the list Fj_l, J €V, for each predecessor, at most four admissible edges of each vertex i € m; are
checked. Obviously, ]F]l] < O(L) and |my| < O(n). The number of HS levels is L. Consequently,
complexity of designing an HS is bounded by O(L?n). The second stage of the algorithm is not
more complex than the first one. Complexity of the matching construction is at most O(n%?) [8].
Therefore, the total complexity of an approximate solution is O((L%+4/n)n) < min{O(n?), O(L*)}.

5. SPECIAL CASES

This section focuses on some special cases where the optimal solution can be established in a
polynomial time. In the first of them, all terminals lie at distance L from the root vertex. Then, the
method of [11] can be used. As the result, the minimum Steiner tree of radius L of the complexity
O(n?) will be constructed.

Another special case that the authors would like to discuss here is as follows. Let L be even, all
terminals belong to the set £ and be located far from each other. The meaning of “far” will be
explained below. For the time being, let us imagine that a tree of the shortest distances D from the
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Fig. 3. Illustration of increasing the path length in the locality §;.

root to all terminals has been constructed and that near each terminal whose distance is smaller
than L there is a free (without the elements of the tree D) space (locality). Then, inside these
localities one can add the missing edges in order to increase the path length to L while retaining D.
If this is possible, then this procedure can construct an admissible solution.

Let us assume that each terminal ¢ with distance [; < L has on top right (at “north-east”) a free
d;-locality, that is, that there are neither vertices nor edges of the tree D at the distance J; from
the terminal in the direction strictly upward-rightward (excluding only upward or only rightward).
If this §;-locality allows, then the missing length can be obtained by adding the necessary amount
of edges (2} = Al; = L — ;) in the following manner (Fig. 3). We displace the terminal ¢ one step
up and one step right. The new path from the new position of the terminal (denoted by ') will go,
for example, I/ — 1 units (steps) to the right, then one step down, and I} steps to the left (back) to i
(Fig. 3c). As the result, the path from ¢’ to i consists of I — 1+ 1+ [} = 2l units, and the entire
path from ¢’ to 0 has the length L.

Obviously, to realize the path-extension procedure, it suffices to satisfy the inequality §; > I/ + 1.
Understandably, the §;-locality can be used more thriftily. This economical approach is depicted
in Fig. 3d where an attempt is made to expand the domain used for extending the path length.

It remains to discuss how to construct a “suitable” tree D of the shortest paths. If the Dijkstra
algorithm [4] is used, then the constructed tree can have, for example, the form shown in Fig. 3a.
Indeed, all terminals are connected to the root by shortest paths, but do not have free space for local
extension of the appropriate paths. To avoid this undesirable situation, one can apply the algorithm
of [5, 6] which has the same complexity as that of Dijkstra, but when choosing the current edge,
takes into account not only the path length, but also the distance to the vertices of the partial tree
and constructs a “suitable” tree D. For sufficiently great values of the parameter, this algorithm
constructs the tree of shortest paths of the minimum total weight (Theorem 1 [5]). Moreover,
the situation of Fig. 3a will not occur because the nearest to the root vertices are included in the
partial tree before the more distant ones (Lemma 1 [6]). For example, the vertex j in Fig. 3a will
be connected to the vertex ¢, and the vertex [, to the vertex k. There is only one more requirement
that should be added to the rules of the algorithm. Any pair of vertices can be connected by a path
consisting at most of two segments of straight lines. Moreover, if upon “moving” along the path
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from the root, an edge consists of two segments, then the first segment must be horizontal, and the
second, vertical (lower angle of turn). For example, the edge (k,!) in Fig. 3b is admissible, whereas
(0,k) in Fig. 3a is an inadmissible edge. The above results give rise to the following theorem.

Theorem. If for each terminal i there exists a free rectangular locality having sides at least I, + 1
and located upward-rightward, then the admissible solution of problem (1), (2) exists and can be
constructed with complexity O(n?).

6. EXPERIMENTAL RESULTS

The proposed method was validated by a numerical experiment for small size (n = 40, n’ € [6, 15],
L € [3,7]) where the root and terminals are located arbitrarily over the rectangle. Examples having
no admissible solution were not considered. The experiment was aimed at (i) estimating the ratio
error, (ii) determining the number of cases where the proposed approach failed to construct an
admissible solution, and (iii) comparing the proposed algorithm with the existing counterparts
such as the algorithm based on successive construction of matchings.

Prior to presenting the results of experiment, we recall operation of the matching-based algo-
rithms [1, 2, 9]. They construct successively the maximum minimum-weight matchings. “Maxi-
mality” means that the maximum number of vertex pairs is connected by nonadjacent edges; and
“minimum weight” means that among all maximum matchings the sum of weights included in the
desired edge matching is minimal.

This matching is first constructed for the terminals. At the second step, the matching is con-
structed for the middles of edges constructed at the preceding step. Then, on each new edge one
seeks a point equidistant from the terminals, and the matching is constructed now for these points,
and so on until a connected tree graph is obtained. On the last constructed edge, one needs to find
a point equidistant from all terminal, which will the tree root.

It is well known that there are rather many shortest paths between two points over the rect-
angular grid. With the matching-based approach, it is not clear which path must be used as the
representation of each edge. Yet, the choice of path is a sufficiently important issue because of its
impact on the subsequent edge routing. It may turn out that an unsuccessful choice of some paths
at the earlier steps would make the admissible tree infeasible. Another disadvantage of these algo-
rithms lies in that the root of the desired tree is determined only by the algorithm and is unknown
in advance.

In the numerical experiment, the root vertex was placed in advance (at different points of the
rectangle). Therefore, in the case where the method of successive construction of matchings resulted
in another position of the root, we added to the weight of tree the length of the admissible shortest
path between the fixed and obtained positions of the source.

Much time was spent on determining a counterexample for which the method proposed in this
paper fails to determine an existing admissible solution (for the aforementioned size), that is, if a
solution existed, then the proposed algorithm constructs the admissible solution in 100% of cases
of which 80% were optimal. The mean mismatch between “our” and the optimal solutions was at
most 1.5%.

The matching-based approach failed to find the admissible solution in 35% of cases. In 15% of
cases, it constructed better (smaller weight of the tree) solutions, in 35%, solutions of the same
weight, and in 50%, solutions of greater weight. Thus, the approach proposed here in 85% of cases
was not worse than the matching-based one. The results of the numerical experiment for twenty
randomly chosen examples are compiled in the table where W, is the weight of tree constructed as
proposed in this paper; W), is the weight of tree constructed by the matching-based algorithm (the
asterisk * in column means that L was increased up to seven); “fail” in the column Wj; means that
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Comparison of the algorithms on 20 examples (n = 40)

Example # ﬁ:ﬁﬁzglzf L Wa | W | Wr w x 100%
1 7 4 18 17 17 5.88
2 13 4 30 27 27 11.1
3 4 4 8 8 8 0
4 3 5 11 11* 11 0
5 7 4 16 16 16 0
6 7 4 14 14 14 0
7 7 3 14 13 13 7.7
8 8 3 14 14 14 0
9 8 4 16 fail 16 0
10 8 4 17 19 17 0
11 8 6 27 fail 27 0
12 8 7 22 fail 22 0
13 8 7 20 fail 20 0
14 8 5 18 20 18 0
15 8 3 14 14 14 0
16 8 4 17 18 17 0
17 10 5 22 fail 22 0
18 7 5 19 fail 18 5.5
19 9 6 20 20 20 0
20 9 5 22 fail 22 0

the matching-based algorithm failed to construct an admissible solution despite its existence; and
W* is the weight of the optimal tree. An additional advantage of our approach over that based on
matchings lies in the possibility of displacing terminals if the problem has no admissible solution.

7. CONCLUSIONS AND SOME REMARKS

The above approach, of course, is just an expedient heuristics enabling one to construct approx-
imate solutions. In the event of unsuccessful outcome, one can fail to obtain even an admissible
tree notwithstanding the fact that it exists.

The idea of choosing in the course of operation of the algorithm the maximum-weight edges
allows one to reduce the weight of the constructed tree because it is an attempt to use the same
edge in different paths from the source to the terminals. Sometimes, however, this may lead to a
situation where none of the admissible trees can be constructed. To avoid this, one can add in the
course of the second step any randomly chosen admissible edge, rather than seek a maximum-weight
path in the HS.

Another application of the proposed method is the method of implicit enumeration (for example,
in the branch-and-bound method [10]). Branching of the HS can be easily organized. At each level
one can choose the edge to be or not included in the constructed tree. For the partial tree, one
can use the proposed algorithm to establish a new record. As the result, some branches can be
truncated.

It would be, of course, desirable to establish some a priori estimates of accuracy rating to check
quality of the approximate solution. Usually, for the majority of problems involved in applied
problems this is impossible. Therefore, the a posteriori analysis seems to offer the only way to
estimating approaches to such problems. Here, the branch-and-bound method can be used to
obtain the optimal solution and calculate its ratio error. Studies of the proposed algorithm are
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(@)

@ terminals

@ intermediate vertices

@

Fig. 4. Example with arbitrary lengths of edges. (a) Position of the terminals. (L = 5. Lengths of the edges
are shown near them.) (b) HS and the optimal tree (bold lines). Weights are shown near the edges and
vertices.

going on, and we plan to carry out a more profound a posteriori analysis. Anyway, the above
numerical analysis suggests that the algorithm is quite satisfactory.

Another obvious generalization of this approach lies in using it when the terminals lie in arbitrary
places of the plane and not only in the first quadrant. The proposed method is applicable to this
general case as well. Indeed, we never made any use of the information about the domain of location
of the terminals. The space where there may be the elements of the desired tree is easily bounded
by L. Only the grid vertices lying within the circle of radius L and centered at 0 get numbers and
can be included in the desired tree.

If the proposed method fails to determine an admissible solution, the terminals can be displaced
to other points of the grid lying at distances not exceeding two. For example, if L is even, then
the even terminals can be moved by two units, and the odd terminals, by one unit. We propose to
divide the process of displacement into two stages. First, it is recommended to solve the problem
where only the odd terminal are displaced. If an admissible solution is established, then stop.
Otherwise, denote by T the partial tree constructed at the previous stage. The even terminals
that remain disconnected make up the set U of candidates for displacement. They can be moved
successively to the free places within the simplex bounded by the straight line x +y = L. Here, the
term “free” means that these places contain neither terminals nor intermediate vertices included
in the constructed subtree 7”. The intermediate vertices having the minimum of neighbors (at
distance 2) from the even terminals are the preferable candidates for being terminals. Then, one
may try again to solve the problem using the proposed algorithm. This procedure can be reiterated
until an admissible solution is obtained.

Another technique that can be used to displace the terminals from the set U is the metaheuristics
simulating behavior of ants. Let us imagine an ant beginning its “voyage” from an arbitrary
disconnected terminal belonging to U. It can move without turns in any direction until it passes
two edges of the grid or meets a barrier such as terminal or intermediate point included in T”. If the
barrier blocks further rectilinear motion, then in the case where the ant passed two edges it moves
one edge back, otherwise it turns in any direction in which it did not move before. If all paths from
the current point where the ant stays were checked, then it moves back along the edge that led it
to this point. If the ant is at a free point at the distance of two edges from the initial position of
the disconnected terminal, then this vertex will be used for displacing the terminal. Otherwise, if
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the ant checked all admissible paths of length two and found no free place, the terminal remains in
the same place.

The ants “staying” at various disconnected terminals can “travel” successively one after another
starting from all terminals of the set U and passing one edge at a cycle. Since the grid graph has
the degree four, the maximum number of steps (checked edges) is bounded by 16 for each terminal.
Therefore, the number of trials (steps) of the ants is bounded by O(|U]) < O(n'). Consequently,
this procedure does not increase complexity of the above algorithm.

We conclude by noting that the proposed approach can be extended to the case where each
grid edge has a non-unit, but an arbitrary integer length. With this generalization, one can also
determine the minimum distance L to the outermost terminal. The corresponding HS will have
(L + 1) levels. An arbitrary vertex will belong to the level [ of the HS if there is an admissible
(passing though the intermediate vertices) path of length [ that goes from the root to it. The HS
can be constructed in a way similar to the aforementioned method. Yet, in the HS the edge can
connect vertices not only of the neighboring levels. Depending on the length of the corresponding
grid edge, an HS edge can connect vertices of different levels. At the second stage of the algorithm,
the least-weight edge is chosen if there is more than one way of connection. Figure 4 depicts an
example of constructing an HS for the last generalization. The bold lines show the tree constructed
by the algorithm. It is admissible and even optimal.
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